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although silver halide is used as the primary source material in photosensitive plates and is unstable under sunlight [20] [21] [22] . Since Huang et al. introduced a new plasmonic photocatalyst Ag@AgCl which is highly efficient and stable under visible light [23] , plasmonic photocatalysts has been developed rapidly. Hu et al. synthesized Ag/AgBr@ TiO 2 by deposition-precipitation for the destruction of azodyes and bacteria under visible light [24] . Silver halides which are combined with Ag NPs, and particularly TiO 2 , have good stability, allowing their application as photocatalysts. Yu et al. prepared Ag/AgCl/TiO 2 nanotube arrays (NTs) by deposition-precipitation for the degradation of MO [25] . Cho et al. reported a one-step sonochemical method to produce Ag/AgCl@TiO 2 nanoparticles by the decomposition of RhB [26] . However, little work has been reported on fabrication of TiO 2 porous ceramic and Ag/ AgCl NPs-based composite structures and their photocatalytic activity. In practical applications, bulk photocatalyst is much more needed because it is easily handled in industrial scale applications and circling.
In this paper, we report a TiO 2 porous ceramic/Ag-AgCl composite for photocatalysis. AgCl was dispersed on performed TiO 2 bulk by impregnating TiO 2 matrix in the aqueous solution of Ag(NH 3 ) 2 NO 3 and NaCl, and then reduced partial Ag + in the AgCl particles to Ag 0 species under visible light irradiation. The visible light driven photocatalytic activity of TiO 2 porous ceramic/Ag-AgCl was investigated for the photocatalytic degradation of MO and RhB. Such composites showed high photocatalytic activity for the degradation of these dyes. The microstructure of the ceramic composite was characterized in detail and the achieved photocatalytic activity was discussed.
Experimental section

Chemicals
Silver nitrate (AgNO 3 , ≥99.8%, Sinopharm), sodium chloride (NaCl, ≥99.5%, KeLong Chemical), ammonia solution (NH 3 ·H 2 O, 25-28%, KeLong Chemical), methyl orange (MO, >98%, Alfa Aesar), rhodamine B (RhB, ≥95%, Aladdin) were used as received without additional purification. P25 TiO 2 was from Degussa and colloidal silica (30 wt%) was obtained from Zhejiang Jiahe Chemical Ltd. De-ionized water was used as the solvent in all experiments.
Preparation of TiO 2 porous ceramic
5 g P25 TiO 2 and 1 g (30 wt%) silica gel were mixed to obtain the dispersed TiO 2 slurry. Then the slurry was placed between two metal plates to be pressed into TiO 2 porous bulk (diameter 25 mm, thickness 2 mm) and sintered at 550 °C for 1 h.
Preparation of TiO 2 porous ceramic/Ag-AgCl composite
A 200 μL ammonia solution (1 M) was added dropwise to the 10 mL AgNO 3 solution (0.01 M). TiO 2 porous bulk was immersed in the above solution under vacuum for 10 min. Then the bulk was washed with de-ionized water to remove the residual solution. Next, the sample was soaked in 10 mL NaCl solution (0.01 M) for 10 min under vacuum. Subsequently, TiO 2 porous bulk was washed with de-ionized water. Such immersion cycle was repeated three times, and TiO 2 porous ceramic/AgCl was formed. TiO 2 porous ceramic/AgCl was irradiated for a period of time under visible light (a 300 W Xe arc lamp as the visible light source with a 420 nm cutoff filter). The as-prepared composites were denoted as TiO 2 porous ceramic/Ag-AgCl-n, where "n" represented 10, 20 and 30 min of photo-reduction, respectively.
Characterization
X-ray diffraction (XRD) measurements were performed on a Bruker D8 advanced diffractometer equipped with Cu Kα radiation source (λ = 1.54056 Å). The samples were examined by obtaining UV-Vis diffuse reflectance spectra (Shimadzu UV 2600). Scanning electron microscopy (SEM, HITACHI S-4800, Japan) was used to observe the surface state and structure of the nanostructured sample. Energy dispersive X-ray spectroscopy (EDX) was used for elemental analysis and distribution of the TiO 2 porous ceramic/ Ag-AgCl composite. X-ray photoelectron spectroscopy (XPS) was performed on an RBD upgraded PHI-5000C ESCA system (Perkin-Elmer) with Mg Kα (1253.6 eV) source. All the binding energies were referenced to the contaminant C1s peak at 284.6 eV of the surface of adventitious carbon. The photoluminescence (PL) spectra of 2-hydroxyterephthalic acid at 425 nm were measured using a FL3-TCSPC fluorescence spectrophotometer (Horiba Jobin Yvon, France) by an excitation wavelength of 315 nm.
Photocatalytic experiment
The photocatalytic activities were evaluated by degradation of MO (10 mg/L) and RhB (10 mg/L) in aqueous solution under visible light (a 300 W Xe arc lamp as the visible light source with a 420 nm cutoff filter) irradiation. Photocatalytic experiments were performed in a glass reactor (diameter = 7 cm, height = 2 cm) and the reactor was placed on the magnetic churn dasher. TiO 2 porous ceramic/ Ag-AgCl (diameter 25 mm, thickness 2 mm) was placed in 25 mL MO or RhB solutions. The system was irradiated under visible light for a fixed period and was equipped with a water-cooling quartz jacket to maintain the solution at room temperature. The distance between the lamp and the reactor was 15 cm. Prior to irradiation, the reaction system was kept for 30 min in the dark to achieve adsorption/desorption equilibrium. During the irradiation, 2 ml of the transparent solution was withdrawn periodically from the reactor and then analyzed by a UV-Vis spectrometer at their characteristic adsorption wavelengths (peak of MO at 464 nm, peak of RhB at 526.5 nm). After the analysis, 2 mL solution was carefully collected and returned to the original reactor. The analysis of ·OH generated on the samples/water interface was performed by PL technique using terephthalic acid. Experimental procedures were identical to that of photocatalytic process. 5 × 10 −4 M terephthalic acid aqueous solution in a diluted NaOH aqueous solution with a concentration of 2 × 10 −3 M was used to replace the MO or RhB aqueous solution.
Results and discussion
Characterization of photocatalyst
The strategy for the fabrication of TiO 2 porous ceramics/ Ag-AgCl is shown in Scheme 1, by a two-step procedure. XRD was used to determine the crystal structure of the photocatalyst. Figure 1 shows the XRD pattern of TiO 2 porous ceramic and TiO 2 porous ceramic/Ag-AgCl composite. TiO 2 displays typical diffraction peaks of TiO 2 anatase phase (JCPDS file no.: 21-1272) [27, 28] . The diffraction peaks at 2θ values of 25.4°, 37.9°, 48.1°, 53.8°, 55.1°and 62.7° could be assigned to the (101), (004), (200), (105), (201) and (204) crystalline phase of anatase TiO 2 . Compared to TiO 2 , the XRD pattern of TiO 2 porous ceramic/ Ag-AgCl indicates that additional peaks can be attributed to the cubic phase of AgCl (JCPDS file no.: 31-1238) [19, 23] and metallic Ag (JCPDS file no.: 65-2871) [19] . The diffraction peaks (2θ) at 27.8° (111), 32.2° (200) and 46.2° (220) are attributed to AgCl. Additionally, the diffraction peaks at 38.2° (111) could be assigned to metallic Ag. Figure 2 shows the UV-Visible diffuse reflectance spectra of TiO 2 porous ceramic and TiO 2 porous ceramic/Ag-AgCl-30. As it can be seen, TiO 2 porous ceramic exhibits low absorptions. While the absorption bands intensified in the 400-750 nm, owing to the surface plasmon resonance of Ag NPs, which were produced by the photo-reduction of AgCl. This further confirms that Ag-AgCl NPs had been deposited successfully on the surface of TiO 2 porous ceramic.
The color of the bulk changed from white to purplish red after visible light irradiation, indicating the formation of Ag NPs, as shown in Fig. 3 . The morphology and composition of TiO 2 porous ceramic/Ag-AgCl sample were characterized by SEM and EDX. As shown in Fig. 4a , TiO 2 bulk exhibit a narrow range of particle size distribution with the average particle size around 50 nm. The agglomeration of TiO 2 leads to porous structure that is capable of adsorbing more functional molecules. After AgCl deposition on TiO 2 , the surfaces of TiO 2 became rough as revealed in Fig. 4b-d . Ag-AgCl nanoparticles were cube-like and particle size distribution was regular. It was clearly observed that the average size of Ag-AgCl nanoparticles almost had no change with photo-irradiation time increased. As indicated in Fig. 4 , cube-like Ag-AgCl nanoparticles size is about 300 nm. Figure 5 displays the EDX analysis of TiO 2 porous ceramic/Ag-AgCl and shows the element mapping images of O, Si, Cl, Ti and Ag in the composite. These results further confirmed the coexistence of TiO 2 and AgCl without contamination by other chemical species.
The chemical composition and oxidation state of TiO 2 porous ceramic/Ag-AgCl composite was further characterized by XPS spectra (Fig. 6 ). The survey spectrum in Fig. 6a indicates that four major sets of peaks for Ti 2p, O 1s, Ag 3d and Cl 2p states existed in the sample. The appearance of Si is attributed to silicon from colloidal silica. The Ti 2p spectrum has two obvious peaks at 457.9 and 463.6 eV, belonging to Ti 2p 3/2 and Ti 2p 1/2 of Ti 4+ in TiO 2 (Fig. 6b) [29] . In Fig. 6c , the Ag 3d spectrum consists of two sets of peaks: one set is composed of two peaks at about 366.2 and 372.3 eV, which correspond to the Ag 3d 5/2 and Ag 3d 3/2 of AgCl, respectively; the other set comprises two weak peaks at about 367.0 and 373.0 eV, which could be attributed to the metallic Ag 0 [30, 31] . The existence of Ag metal is consistent with the XRD result. Figure 4d shows that two peaks at about 196.5 and 198.1 eV are ascribed to Cl 2p 3 and Cl 2p 1 of AgCl, respectively [32] . The XPS spectra further confirm that TiO 2 porous ceramic/Ag-AgCl composites consist of TiO 2 , AgCl and metallic Ag. On the basis of XRD, UV/vis, SEM, EDX and XPS, the Ag-AgCl NPs are dispersedly deposited in the TiO 2 porous bulk.
Photocatalytic activity
The photocatalytic activity of TiO 2 porous ceramic/ Ag-AgCl-n (where n represents different reduction time for Ag + to Ag 0 ) catalysts was evaluated by the degradation of MO (10 mg/L) and RhB (10 mg/L) aqueous solution under visible light irradiation at room temperature. Figure 7 shows the UV-Vis adsorption spectra for the degradation of MO and RhB in the presence of TiO 2 porous ceramic/ Ag-AgCl-30. The UV-Vis adsorptions of MO and RhB at their characteristic adsorption wavelengths decrease rapidly with the increase of irradiation time in Fig. 7a, b. Fig. 8a Nearly 95% MO and 90% RhB molecules were degraded over TiO 2 porous ceramic/Ag-AgCl catalysts. This is contrasted with bare TiO 2 bulk which only achieved a 25% MO and 50% RhB degradations under identical conditions.
The photocatalytic degradation process of MO and RhB is described by first-order kinetics [33, 34] as expressed by: ln(C/C 0 ) = k app t, where k app is the apparent rate constant, C 0 and C are the concentrations of MO or RhB solutions at time of 0 and t, respectively. The pseudo-first-rate kinetic rate constant can be deduced from the linear fitting of ln (C 0 /C) versus irradiation time. As shown in Fig. 8b, d , there is a linear correlation between ln(C/C 0 ) and the irradiation time (t). TiO 2 porous ceramic/Ag-AgCl-30 showed the best photocatalytic activity (k app = 0.0502 min −1 of MO, k app = 0.0735 min −1 of RhB). The k app values of different TiO 2 porous ceramic/Ag-AgCl catalysts were similar, and this was in accord with the photocatalytic activity.
The MO or RhB photocatalytic activities of TiO 2 porous ceramic/Ag-AgCl-30 composite are 6.25 times or 3.62 times higher than that of TiO 2 porous ceramic.
In addition to high photocatalytic activity, the stability of photocatalysts is a vital concern for practical application. The stability of TiO 2 porous ceramic/Ag-AgCl was evaluated by cycled degradation of MO and RhB with identical conditions for four times under visible light irradiation, each time the tested samples were washed with de-ionized water and dried at room temperature before the next test. The photocatalyst exhibited virtually no decline of activity after four cycles of degradations of MO and RhB, as shown in Fig. 9a, b. Fig. 9c shows that the cubic morphology of AgCl nanoparticles distributed on the TiO 2 porous ceramic surface remained intact after four cycles. The results demonstrated that the photocatalysts were effective and stable under cycled degradations of MO and RhB with visible light irradiation. 
Formation of hydroxyl radicals
The fluorescence emission spectrum (excitation at 315 nm) of terephthalic acid solution was measured during visible light irradiation. Figure 10 shows the PL intensity of 2-hydroxyterephthalic acid. As shown in the Fig. 10 , gradual increase in the fluorescence intensity at about 425 nm was observed with increasing irradiation time over TiO 2 porous ceramic/Ag-AgCl-30. When the system was in the absence of visible light, no PL intensity was observed. Hence, it was reasonable to conclude that the reaction between terephthalic acid and ·OH produces fluorescence.
Conclusion
We have demonstrated a novel method to prepare TiO 2 porous ceramic/Ag-AgCl by mixing P25 TiO 2 powder with ) under visible light irradiation. As a result, the enhanced photocatalytic activity can be interpreted by the synergistic effect of TiO 2 and Ag-AgCl, as well as surface plasmon resonance of Ag 0 . The study offers a novel composite photocatalyst that has real potential for industrial applications, and it may also provide a simple methodology for preparing other visible light driven porous ceramic/Ag-AgCl photocatalysts.
